Hexagonal pattern formation in the pigment structure of electrophoretic image displays (EPIDs) is measured in samples with a high concentration of free charge. In this article we will explain which phenomenon is at the origin of the pattern formation.
Introduction
Electrophoretic image displays (EPIDs) are one of the most promising solutions in the search for good working electronic paper. Their functioning is based on the movement of colored pigments in a colored solvent under the influence of an electric field. The solution of pigment and solvent is placed in a narrow container (typically 125 micron thick) between ITO-covered glass plates. When a voltage is applied in one direction, the glass plate closest to the observer is covered with pigments and the pixel has the pigment-color. When the voltage changes sign, the pigments move away from the observer, who now sees a pixel with the color of the dyed solvent. Putting several of these pixels containing pigments and dye with a contrasting colour, together in a matrix makes it possible to construct a paper-like reflective display. These displays can be made thin and very lightweight. Due to the bistability of the pigments, once attached to one side of the cell, the displays have very low power consumption. Furthermore their image quality does not degrade in bright outdoor environments. When they are constructed with dark pigments in a bright solution, they have an ink-on-paper appearance. They therefore provide the ideal solution in the search for electronic paper.
Problem definition
We already proved that careful centrifugation of the EPID-liquid is necessary in order to remove all excess charge that is present inside the pixel [3] . This charge has a negative influence on the internal field and deteriorates the switching speed. We wanted to test the influence of the amount of charge on the switching properties by doing optical measurements on pixels with an excess amount of contaminating charge carriers. How this was done will be explained later. We were hoping to measure a distinct lowering of the optical switching speed.
To our surprise a strange but interesting phenomenon was seen: when switching, the pigments do not completely cover the electrode surface but form a hexagonal pattern. This is shown in fig. 1 . This pattern formation is only measured for high enough values of the applied voltage. For low values (V<10V) the pigments slowly move to the opposite electrode without forming any pattern at that electrode. When higher values are applied (approximately starting from 10V) the pigment movement is hectic and the pattern formation sets in immediately. Instead of simply moving away from the opposite electrode, lateral pigment motion can be observed. Pigments move in the direction parallel to the electrodes and can be seen flocculating in specific areas. In a few seconds the pigments order themselves into a hexagonal pattern. The radius of the hexagon is approximately 600µ but is not constant throughout the pixel. The cell size is independent of the applied voltage: every voltage high enough to induce the pattern formation leads to the same pattern size. It is clear that this pattern formation should be avoided since it has a negative effect on the image quality. The front surface is far from uniformly covered with pigment: the most part is even covered with solvent. This obviously deteriorates the contrast. We will explain how such a hexagonal pattern is formed in an EPID-pixel and how it can be avoided
Pattern formation
In the following section we will explain how the components that make up the display and their interaction in the presence of an electric field help us explain the formation of the hexagonal patterns.
Pixel fabrication
Two kinds of charged particles are present inside the pixel of an EPID.
• Charged pigments: neutral pigments covered with surfactant ions. The pigments are macromolecules with a radius of approximately 0.5µ. After addition of surfactant, a shell of surfactant ions attaches itself to the pigment. It hereby acquires a charge of about 3000e (e=1.60E-19 C) which makes it possible to move the pigment in an electrical field. This also avoids flocculation of the pigment particles.
• Charged inverse micelles: these are formed through flocculation of surfactant molecules. They form ions with a charge of 1e and a radius that is much smaller than that of the pigments.
The pigments are much heavier than the inverse micelles and are in normal display manufacturing separated from the contaminating free charges through centrifugation. In the samples that we prepared no micelles were removed in order to investigate the influence of the excess amount of charge. In the following paragraph we will prove that it is due to the presence of this large amount of charge that the pigments organize themselves in a hexagonal pattern when an electric field is applied.
Electrohydrodynamics
Electrohydrodynamics (EHD) is the domain of electrodynamics of moving media concerned with the action of electric forces on dielectric fluids [1] . The Coulomb force qE sets the fluid into motion thus changing the distribution of both the charge density and the electric field. The complex and nonlinear coupling between force and motion makes EHD a difficult subject. There is an analogy between the charge distribution problem and the Rayleigh-Bénard problem of a horizontal fluid layer heated from below [1] . In the latter case the unstable density gradient brings about fluid motion when the temperature difference is large enough for buoyancy to overcome the damping action of viscous forces. Above the critical value of the Rayleigh number R a , instability sets in and heat is partially transferred by convection. This convection can occur in several modes, depending on the configuration of the liquid layer. Hexagonal patterns are one of them.
The nondimensional number C is a measure for the level of charge inside the pixel [1] .
The total amount of charge is given by q; d is the pixel thickness, ε the dielectric constant and V the applied voltage. The charge mobility is given by µ, the conductivity by σ.
The fundamental parameter in the instability analysis is the non dimensional number T which represents the ratio of driving Coulomb force and damping viscous force.
η is the viscosity of the liquid. T is a dimensionless constant. When its value lies above a certain critical value T c , pattern formation will occur. This critical value depends on the value of C and the electrode configuration.
For low enough applied voltages the electric forces cannot overcome the viscous friction and no pattern formation occurs. The transport of charge carriers is limited only by the ability of the system to transport them. Instability sets in when the extra current δI due to convection is such that the extra energy VδI becomes at least equal to the energy dissipated by friction. This occurs above a critical value T C hence for values of the applied voltage above a certain critical value. This is also what we measured: pattern formation only occurred for high enough voltage values.
When the presence of charge inside the pixel is strong enough to block the externally applied field this is called Space Charge Limitation (SLC). As more free charge is present inside the pixel, higher field values can be blocked. Ideal SLC is reached when C reaches infinity.
In the case of two plane parallel rigid electrodes and the asymptotic case of space charge limitation (C>>1) the critical value T c is 161 [1] . Above this critical value the motion organizes itself in the form of hexagonal convective cells, where the liquid flows in each cell center with a velocity greater than the ionic drift velocity.
This can be explained as follows: in a far from equilibrium condition a system organizes itself spontaneously into a state with a spatial or temporal structure [2] . It is called a dissipative structure in contrast to the structure in thermodynamic equilibrium. Hexagonal pattern convection is an example of such a dissipative structure. Convection in hexagonal cells is the state of maximum charge transfer among the states of structures with possible wave numbers.
The critical value of T takes a lower value in measurements than the predicted one [1] . It is found that pattern formation already occurs for T c =100. This is due to the neglection of diffusion in the calculation whereas it plays a role close to the electrode where grad(q) takes very high values.
We calculate the values of C and T using the values from our measurements. Thanks to the presence of the excess amount of charge the SLCcondition is fulfilled (C>>1). The critical value of T C (100) is exceeded for values of V larger than 10.1V: this is in accordance with our measurements: we only measured pattern formation for voltage values above 10V.
The typical radius for the hexagons that is reported is 5d: six times the thickness of the liquid layer between the electrodes, independent of the applied voltage [1] . This is also in accordance with what we measure: the spacer is 125µ thick and the typically measured hexagon radius is 600µ, independent of the amplitude of the voltage above the critical value.
Conclusion
We found that in an EPID-pixel with excess contaminating charge hexagonal patterns occur in the pigments layer at the electrodes for high values of the applied voltage. This pattern formation is a consequence of the electrohydrodynamic (EHD) instability that occurs in a thin liquid layer where the space charge limitation (SLC) condition is fulfilled and the critical value T c of the parameter T is exceeded. This deterioration of the image quality is an extra argument for careful removal of excess charge inside the pixel through centrifugation.
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